Marked heterogeneity exists in the patterns of parasitic infection between individuals, households and communities. Analysis of parasite distributions within populations is complicated by the fact that parasite distributions are highly aggregated, and few studies have explicitly incorporated this distribution when investigating small-scale spatial heterogeneities. This study aimed to quantify the small-scale (within and between household) heterogeneity of helminth infection in an area of Minas Gerais State, Brazil with rural and urban sectors. Parasitological data from a cross-sectional survey of 1,249 individuals aged 0-86 years from 242 households were analysed. Within household clustering of infection was assessed using random effect logistic regression models and between household spatial heterogeneity was assessed using a Bayesian negative binomial spatial model. The overall prevalence of hookworm (Necator americanus) was 66.9%, the prevalence of Schistosoma mansoni was 44.9%, and the prevalence of Ascaris lumbricoides was 48.8%.
Introduction
Marked heterogeneity exists in the patterns of parasitic infection between individuals, households and communities (Anderson and May, 1991) . For example, studies of human helminth infections have shown that the distributions of parasites within populations are highly aggregated, such that a majority of the parasite population is concentrated in a minority of the host population (Bundy et al., 1987 Bundy & Medley, 1992; Shaw and Dobson, 1995; Woolhouse et al., 1997) . Within-household clustering of helminth infections has also been observed (Werneck et al., 2002; Terhell et al., 2000; Forrester et al., 1988; Behnke et al., 2000; Shapiro et al., 2005) .
Such heterogeneities may be a consequence of small-scale spatial heterogeneity in infection and/or in risk factors, although this aspect remains less well explored Cornell et al., 2003) . One reason for the lack of work on spatial patterns of infection was the practical difficulties presented by traditional cartography. This has changed dramatically with the easy geo-positioning of locations, using handheld global positioning systems, and the use of geographical information systems for data capture, storage and analysis (Hay et al., 2000) . Initial applications of these technologies for helminth infections focused on the determination of large-scale (between community) spatial patterns and their environmental covariates. This work has yielded new insights into the ecology of infection at a geographical scale that has proven impossible to address using more traditional approaches, and has led to the development of low cost ways to identify target populations for treatment (Brooker and Michael, 2000; Brooker et al., 2002 Brooker et al., , 2006 Raso et al., 2005 Raso et al., , 2006 . More recent improvements in the accuracy of geo-location have enabled finer-scale investigation of spatial patterns, with studies investigating the small-scale (between household) spatial variation of infection among school-aged children (Handzel et al., 2003; Utzinger et al., 2003; Clennon et al., 2004; Saathoff et al., 2005) .
However, because of their aggregated distributions, spatial heterogeneity in helminth and other parasitic infections is difficult to analyze. One reason for this is the need to take account of spatial correlation. If this is not done, then spatial patterns may not always be evident in maps of the mean intensity of infection because of sampling variation (Bernardinelli and Montomoli, 1992) . This is particularly important if standard errors are high, for example, because of small units, such as households, or high aggregation of parasites. The latter can often be fitted well by negative binomial distribution (Bliss and Fisher, 1953) . Infection densities also vary strongly by demographic variables, such as age and sex, which should be taken into account.
In this paper we address these issues by using a negative binomial spatial model, which adjusts for individual-level covariates such as age and sex (Alexander et al., 2000) , to investigate the spatial variation of human schistosome and intestinal nematode infection patterns in an entire community. The community is separated into a rural and an urban area, and we investigate how spatial heterogeneity, along with patterns of (within) household clustering, might vary between these environments.
Study area and population
The study was conducted in Americaninhas in Minas Gerais State of Brazil. Americaninhas is located in the northwest of the state, lying between 17°02'12.310" -17°13'13.857"S and 41°20'18.334" -41°07'39.737" W and is divided into a rural area and a central municipality, which we refer to as the urban area. The area is hilly and characterized by a tropical climate, with an average temperature of 24°C, and experiences a long rainy season between November and March; annual rainfall is 1300-2000mm. The majority of inhabitants are involved in rural subsistence farming, growing mainly coffee, manioc (cassava) and beans. Cattle-ranching is another important source of income. Houses are predominately made from concrete, or from a combination of wood and mud, and have either tiles or iron sheets for roofing. Only approximately 50% of these homes have a latrine and people commonly collect their water from local springs. There is only one health post in the area with two auxiliary health workers who are paid by the municipality.
Recruitment
A series of meetings were held with community members to explain the purpose and methodology of the study, that participation was voluntary, and that they were able to withdraw from the study at any time. Written or oral consent was obtained from all adult subjects and from parents or guardians of minors. Individuals were included in the study if they were (1) resident in the study area over the last 24 months and (2) willing and able to give informed consent to study protocol. Individuals were excluded if they: (1) attended school outside of study area; (2) worked full-time outside of study area; or (3) received anthelmintic treatment within the last 24 months as determined by interview. All participants excluded from the study were offered a faecal exam and treated for all helminth infections, but were not considered part of the data set for analysis. Women who were evidently pregnant, or who tested positive on a urine pregnancy test received treatment for all helminth infections after the end of the pregnancy or the termination of breast feeding.
Parasitological data
Participants were instructed to deposit one faecal sample per day into each container and return the container immediately to one of several collection points, where the sample was stored at 4°C. Faecal samples returned later than 24 hours after date of distribution were not accepted, and new containers were issued. Presence of infection with hookworm (Necator americanus and/or Ancylostoma duodenale), Ascaris lumbricoides and Schistosoma mansoni as well as with other minor species was determined by using the formalin-ether sedimentation technique. Individuals positive for any helminth in the formalin-ether sedimentation were then analyzed by Kato-Katz fecal thick technique for assessment of eggs per gram of faeces (epg). These same patients were asked for another fecal sample. Two slides were taken from each day's faecal sample for a total of four slides from each individual and the average of the four slides presented as the mean egg count. Slides were examined within 45 minutes of slide preparation to avoid clearing of hookworm eggs. To test for quality control, a random sample of 10% of the slides were re-examined by a supervisor.
From 27 albendazole-treated patients, faeces were searched on three consecutive days for expelled worms. Worms were washed in phosphate-buffered saline and stored in 70% ethanol. For clarification and determination of the species, the worms were clarified in a phenol solution (70%) and the mouthparts were examined under the microscope (400x magnification). A total number of 120 male and female worms were determined to be exclusively of the species Necator americanus.
Household mapping
A hand-held Trimble GeoExplorer global positioning system (GPS) receiver (Trimble Navigation, Sunnyvale, CA, USA) with ArcPad 6.0.3 (NT) (Environmental Systems Research Institute Inc., Redlands, CA, USA) was used to calculate the latitude and longitude of each household participating in the study. Readings, with a resolution of 2 metres, were taken at the front door, or as near as possible in order to receive a sufficient satellite reception and an average of 10 readings of the co-ordinates were taken. Maps were created using ArcView 3.3 (Environmental Systems Research Institute Inc., Redlands, CA, USA)
Data analysis
Because helminth transmission dynamics are primarily determined by the number of worms present in the host (intensity of infection) rather than the number of hosts infected, and intensity of infection is a key determinant of morbidity, analysis focused on the intensity of infection and the prevalence of heavy infection. Intensity of infection was expressed as arithmetic means. This is justified biologically since intensity of infection is assumed to be proportional to clinical outcomes and no saturation occurs at high intensities. For example, intensity of hookworm infection is linearly related to faecal blood loss (Stoltzfus et al., 1996) and intensity of S. mansoni is associated with risk of hepatosplenic morbidity (Gryseels, 1992; Kardorff et al., 1996 Kardorff et al., , 1997 . Negative binomial regression models were applied to investigate whether mean egg counts of hookworm and S. mansoni significantly differed between those with living in rural areas and those in urban areas. Comparisons were not undertaken for A. lumbricoides because its egg counts were truncated at 500 per slide (12, 000 eggs per gram of faeces).
Heavy infection was defined according to thresholds proposed by WHO (2002) : hookworm 4,000 epg; A. lumbricoides 10,000 epg; and S. mansoni 400 epg. We investigated household clustering of heavy infection using separate non-Bayesian random effects logistic regression models for the urban and rural areas, defining the household as the group variable. This approach accounts for the non-independence of individuals within a single household and estimates the proportion of total variance accounted for by the clustering effect within households. A likelihood ratio test was used to assess whether this proportion differed significantly from zero. These analyses were performed in Stata 8.2 (College Station, TX, USA).
We also looked for spatial structure in egg counts (intensity of infection) using a Bayesian statistical spatial model. This is not synonymous with household clustering because, in principle at least, high risk houses could be distributed in a spatially uncorrelated manner. The spatial model of Alexander et al. (2000) was used to investigate the spatial heterogeneity (and spatial clustering, if evident) of hookworm and S. mansoni egg counts.
For each parasite, the model was used to fit a negative binomial distribution to the total egg count of each person's four slides. Maximum likelihood estimates of k, an inverse measure of aggregation, were used to assess aggregation of egg counts. Again, this analysis was not done for A. lumbricoides because its egg counts were truncated at 500 per slide. The spatial random-effect was modelled as a stationary Gaussian process with mean 0, variance σ 2 and correlation function exp(−d ij /α), where d ij is the distance between houses i and j and the parameter α measures the rate at which the spatial correlation decays to zero with increasing distance. The extent of between-house variation is measured by the parameter 1/ϕ, which is the variance in log-mean egg count between houses separated by a negligible distance. The scale of spatial correlation is measured by the exponential decay constant α, where log e 2(α) is the 'half-distance', that is, the distance over which the spatial correlation reduces by half. These parameters are fitted while adjusting for the age (as a quadratic function) and sex composition of each house. This yields a ratio by which the house's mean egg count is higher or lower than expected. By analogy with the Standardized Mortality Ratio, this may be called the Standardized Parasite Ratio (SPR). The SPRs incorporate a degree of smoothing which is dependent on the fitted spatial correlation. For this Bayesian analysis we used prior distributions as previously described (Alexander et al. 2000) . For sensitivity analysis of ϕ we used, in addition to the Jeffreys (reciprocal) prior, inverse Gamma priors with means 0.1 and 0.01km. The inverse Gamma with mean 0.1 was used as the default. Houses with GPS positions less than 10m apart were treated as a single unit. Bayesian inference was implemented via a Markov chain Monte Carlo algorithm. Specification of prior distributions for the model parameters was done along the lines of the work described by Alexander et al. (2000) . The Markov chain was run for 50,000 iterations, of which every 10th was kept for analysis, after an initial 'burn-in' of 10,000 iterations. Models were fitted separately to the urban and rural areas, using a program custom-written in the C language.
Results
For the current study, 1,496 patients provided consent, with 1,332 (89% of total population) individuals meeting the inclusion/exclusion criteria and 1,249 (83% of total population) individuals, aged 0-86 years old, who could be unambiguously defined as permanent residents of a single household: 543 from the urban municipality area and 706 from rural areas.
Prevalence and intensity of infection
Overall, 81.9% of individuals were infected with at least one helminth species and over half (50.3%) harboured multiple species infections. The overall prevalence of hookworm was 66.9%, the prevalence of S. mansoni was 44.9%, and the prevalence of A. lumbricoides was 48.8%. Prevalence of other helminth species was negligible: Trichuris trichiura (1.1%); Enterobius vermicularis (0.8%); Hymenolepis nana (0.2%); and Taenia sp. (0.2%).
The arithmetic mean intensity of hookworm infection was 1096 epg, with intensity significantly lower in individuals living in urban areas than those in rural areas (611 epg vs. 1469 epg, p<0.001). The arithmetic mean intensity of S. mansoni was 130.9 epg and did not differ significantly between urban and rural areas (p=0.45). The relationship between age and intensity of infection of each species by area is shown in Figure 1 . This indicates a similar age profile in each area: hookworm intensity rose steadily with age ( Fig. 1A) and for S. mansoni, age-intensity profiles were convex in each area, with maximum intensity at 15-19 years (Fig. 1B) .
According to WHO classifications (WHO, 2002), 7.9%, 8.3% and 18 .2% of individuals harboured heavy infections with hookworm, S. mansoni, and A. lumbricoides, respectively.
The prevalence of heavy hookworm infection was significantly higher in rural areas (12.0% vs. 4.0%, p<0.0001). No significant differences between areas were observed for heavy infection with S. mansoni or A. lumbricoides infection.
Within household clustering of infection
The study population was distributed between 242 households; 87 households (mean persons per household was 3.6, range 1-9) in the urban area and 155 households (mean persons per household was 4.5, range 1-11) in rural areas. Significant levels of household clustering of heavy infection, as indicated by the proportion of variance of heavy infections explained by the household random effect, were identified for heavy hookworm infection in each area but only for heavy S. mansoni infection in rural areas (Table 1 ). The highest degree of household clustering was observed for S. mansoni in rural areas (0.56). The proportion of variance of heavy infections explained by household clustering for hookworm was similar in both urban and rural areas (0.32 vs. 0.33); whereas, less clustering was observed for heavy A. lumbricoides urban areas than in rural areas (0.21 vs. 0.39).
Spatial heterogeneity of infection
In both rural and urban areas, egg counts of both hookworm and S. mansoni were highly aggregated (Fig. 2) . The estimate of k for hookworm egg counts, as derived from the spatial model, was 0.147 in urban areas and 0.284 in rural areas. The corresponding estimates for S. mansoni egg counts were 0.223 and 0.216. Figure 3 shows the spatial variation in infection intensity for hookworm and S. mansoni, estimated from the spatial model, taking into account age and sex effects. High infection intensities of both hookworm and, to a lesser extent, S. mansoni are evident in the northeast corner of the urban area. In rural areas, high infection intensities of S. mansoni occur in the northeast corner. Consistent with the logistic regression analysis of household clustering, S. mansoni in the urban area did not show clear evidence of spatial clustering, with the estimated spatial variance (1/ϕ) being small. Moreover, these results were highly dependent on the choice of prior, which was not the case for the other three analyses (not shown). By contrast, S. mansoni in the rural area, and hookworm in both areas, did show clear evidence of spatial clustering. The spatial correlation of S. mansoni was estimated to reduce by half over a distance of 700m in the rural area (Table 1) , and a wide variation in SPR (interquartile range 0.4-5, Fig. 3D ). Rural hookworm had a much smaller half-distance (28m) and a narrower inter-quartile range in SPR (0.9-3.1). Urban hookworm showed an even smaller half-distance (12m), and a still narrower inter-quartile range of SPR (1-1.3).
Discussion
We have investigated both household clustering and spatial heterogeneity (and clustering) of hookworm and S. mansoni in an endemic region of Brazil. This was made possible using accurate global positioning systems and statistical techniques applicable to highly aggregated epidemiological data such as parasite counts. We highlight important speciesspecific differences in the extent of both household and spatial clustering between rural and urban areas. Previous studies, some extending back to the 1930s, have established that presence of household clustering for A. lumbricoides and T. trichiura and to a lesser extent hookworm (Otto et al., 1931; Forrester et al., 1988; Chan et al., 1994; Behnke et al., 2000; Bethony et al., 2001; Sharpiro et al., 2004) . None of these studies, however, investigated how clustering of different parasite species varies between different environments. We found evidence of household clustering of heavy S. mansoni in rural areas but not in urban areas, whereas the extent of clustering of heavy hookworm infection was similar in both areas but greater than clustering of S. mansoni in urban areas.
We also found evidence of spatial clustering of S. mansoni intensity in rural areas but no evidence of spatial clustering in urban areas; similar degrees of spatial clustering of hookworm intensity were evident in both types of area. The evidence of spatial clustering of both hookworm and S. mansoni infection in rural areas contrasts with findings from a recent study of schoolchildren in rural Côte d'Ivoire which found a random spatial distribution of both hookworm and S. mansoni (Utzinger et al., 2003) . A potential shortcoming of this study, acknowledged by the authors, was the difficulty of linking schoolchildren to an unambiguous household, limiting generalization of findings. Our collection of samples on a community-wide basis by household overcomes this problem, and our findings are consistent with results reported from household studies of urinary schistosomiasis (Clennon et al., 2004) , filariasis (Alexander et al., 2003) and malaria (Snow et al., 1993; . Our study had the particular advantage of taking into account the typically highly 
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The observed parasite-specific differences in household and spatial clustering by area are likely to reflect either variation in exposure and/or host factors (immunological, genetic or physiological) (Warren, 1973; Anderson, 1987; Bundy and Medley, 1992) . Insight can be obtained through an understanding of the life cycle and transmission of each parasite species. Hookworm transmission occurs through exposure to soil contaminated with hookworm larvae and is influenced by several factors, including micro-climatic suitability, sanitation and hygiene, and environmental contamination with human excreta. Previous studies have suggested that exposure to infective hookworm larvae commonly occurs outside the household, for example in areas where agricultural practices are carried out or in defined defecation sites away from the household (Schad et al., 1983) . However, the similar degrees of household and spatial clustering in both rural and urban areas along with the relatively small estimated half-distances (12m in urban areas and 28 m in rural areas) suggests that exposure to hookworm in our study area is concentrated in the peri-domiciliary environment in both rural and urban areas. The transmission of A. lumbricoides predominantly occurs among young children within households (Bundy and Medley, 1992) , consistent with the significant household clustering observed.
Schistosomiasis, in contrast, is a water-borne infection and transmission is based on infective water bodies and human water contact. Recent study of S. haematobium in coastal
Kenya suggest that proximity of a household to infected water bodies are significant factors in explaining small-scale spatial variation in infection (Clennon et al., 2004) . Elsewhere in Kenya, a recent analysis suggested clustering of S. mansoni egg counts in relation to a local river . In our study, we found quite a large spatial correlation (700m) in rural areas, with the northeastern part of the study area having the highest infection intensities. Studies are underway to examine possible explanations for this spatial variation.
Interestingly, we found no evidence of either household or spatial clustering for S. mansoni in urban areas but high levels of both types of clustering in rural areas. Previous studies have highlighted the importance of water contact patterns which are typically shared among household members (Cairncross et al., 1996; Watts et al., 1998; Bethony et al., 2004) , resulting in a household effect determining schistosome infection intensities (Bethony et al., 2001 (Bethony et al., , 2004 . The reason for such high degree of clustering in rural areas may be associated with proximity of specific households to water bodies and the reproduction of hygiene behaviours among members of the same household, which can result in household members sharing both the same infective sites and water contact activities (Watts et al., 1998) . The relatively dispersed distribution of rural households compared to urban households mean that household members are more likely to share water contact patterns in the same water body. In urban areas, however, individuals from several different households share a single water source equally close to most households.
Considered in isolation, the observed species-specific differences in household and spatial clustering between rural and urban areas suggest that variation in exposure is sufficient to explain observed patterns; it is unlikely that genetic factors differed in a systematic fashion between rural and urban areas. Such a conclusion however needs to be viewed in relation to the increasingly available evidence of genetic susceptibility to infection (reviewed in Quinnell 2003) . Quantitative genetic analyses of helminth infection within human populations suggest that that both household and genetic factors both play important roles in determining variation in infection patterns. The investigation of hookworm by Bethony et al. (unpublished) in northeastern Brazil, for example, estimated 26% genetic heritability of the variance of faecal egg counts when modeled with genetic and household effects. Similar analyses of hookworm (Williams-Blangero et al., 1997 ), A. lumbricoides (WilliamsBlangero et al., 1999 and S. mansoni (Bethony et al., 2002) reveal a similar genetic component in heterogeneity in infection patterns.
What is less clear however is the relative importance of genetics and exposure. Analysis of A. lumbricoides worm burdens using the natural family unit rather than households after successive rounds of treatment has found no consistent pattern in clustering, suggesting that household-specific factors, such as the peri-domiciliary environment and family-specific practices and behaviours overwhelm any genetic basis for clustering (Chan et al., 1992; Bundy and Michael, 2001) . A more complicated picture is provided however in a recent study by Wahyuni et al. (2004) in Indonesia of clustering of filarial infection. This study showed that behavioural and environmental factors tended to override any genetic predisposition in adults but that in children significant genetic effects were detected, due in part to the greater homogeneity of exposure among children. Adding to this complexity, our data suggest that the predominance of exposure factors over any genetic component will differ according to the environment, either rural or urban.
Helminth control is typically implemented at the school or community level. As such, it is very unlikely that chemotherapy will be targeted at specific households or groups of households; focalised snail control may however be targeted at specific water bodies (Clennon et al., 2004) . We suggest therefore that from a perspective of helminth control, further study of household and spatial clustering and heterogeneity of infection has limited operational relevance. Rather we encourage investigation of small-scale heterogeneities, especially in relation to immunological studies , to help shed additional light on the genetics, immunology and ecology of infection. The evidence of genetic factors play a role in determining the variation in helminth egg counts has been consistently made in murine and human models (Quinnell, 2003) , most likely acting through genetic control of the immune response to the infection. This control may work directly, making individuals either more immunologically susceptible or resistant to different levels of infection. To help to investigate these issues further there is a need to develop robust quantitative frameworks that incorporate both spatial and genetic covariates and to conduct detailed immunoepidemiological studies which measure both genetic and spatial factors. From this scientific perspective, the integrated use of spatial analysis with statistical methods which partition genetic from household and environmental factors may help to better understand the determinants of infection. spatial heterogeneity was evident in both areas. High infection intensities of both hookworm and, to a lesser extent, S. mansoni are evident in the northeast corner of the urban area. In rural areas, high infection intensities of S. mansoni occur in the northeast corner. Table 1 Household and spatial clustering of helminth infection in rural and urban households in Americaninhas, Brazil. confidence intervals in parentheses. ‡ 95% confidence intervals in parentheses. For S. mansoni in urban areas, results depend on choice of prior distribution, suggesting a lack of spatial clustering.
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